ABSTRACT In this paper, a new polar coded hybrid automatic repeat request (HARQ) strategy combining multiple packets (MP) of transmission rounds is proposed to improve the throughput, which is called MP-HARQ. In our scheme, first, part of message bits in previous packet and the new source packet are jointly encoded in the retransmission round. Then, backtrack-freezing decoding is implemented at the receiver. To maximize throughput and achieve rate adaptation, we optimize the parameters of the proposed scheme by dynamic programming algorithm on the basis of estimated packet error rate and calculation of throughput. Finally, numerical simulation results suggest that the proposed three-level MP-HARQ could attain similar throughput to the conventional incremental redundancy HARQ of rate-compatible punctured polar codes (RCPP IR-HARQ) and ensure a significant gain over the HARQ scheme with Chase combining, using a low-complexity HARQ control and less transmission times in contrast to RCPP IR-HARQ.
I. INTRODUCTION
Polar codes, invented by Arikan [1] , were proved to asymptotically achieve the capacity of binary-input discrete memoryless symmetric channels (BI-DMCs) via a low-complexity successive cancellation (SC) decoder. The encoding and decoding complexity are O(N log 2 N ), where N is the code length. Due to the good performance and low complexity, polar codes are able to be a competitive candidate in the forward error correcting (FEC), which have become a short code scheme for fifth-generation (5G) channel coding. Moreover, to provide high throughput efficiency and ensure rate-compatibility, hybrid automatic repeat request (HARQ) as an advanced and adaptive transmission technique is required for polar codes in upcoming 5G systems.
Some classical HARQ schemes of polar codes have been proposed in [2] - [5] . There are two main types of HARQ schemes based on rate-compatible punctured polar (RCPP) codes: One is realized by Chase combining (CC-HARQ) [2] , [3] , where the identical packet to the initial one is retransmitted and the receiver performs soft combining of multiple received packet copies, resulting in a diversity gain; the other is with incremental redundancy (IR-HARQ) [4] , [5] , where the additional redundancy bits are transmitted in each retransmission round, creating a stronger code at the receiver. For polar codes, on the one hand, CC-HARQ is simple but obtains disappointing throughput. IR-HARQ improves its throughput performance. However, since the complexity in choosing retransmitted bits and the cost of additional signaling overhead are very high, IR-HARQ schemes are not very pragmatic. On the other hand, most of the existing HARQ schemes of polar codes do not transmit new information until the previous packet is correctly received or the maximum number of transmission is reached, which may cause the waste of transmission resources and decrease the throughput efficiency of communication system.
Motivated by above observations, this paper mainly focuses on following contributions: firstly, we propose a novel polar coded HARQ transmission strategy by combining multiple packets (MP-HARQ), where part of message bits in previous packet are jointly encoded with new source packet in the retransmission rounds. Secondly, a proposed backtrackfreezing decoding is performed to recover message correctly in polar coded MP-HARQ scheme. Lastly, based on estimated packet error rate and calculation of throughput, we optimize the parameters of the proposed scheme by dynamic programming algorithm, so as to maximize throughput and achieve rate adaptation.
The remainder of this paper is organized as follows. Some background of polar codes and their HARQ transmission is presented in Section II. Then, in Section III, we introduce the proposed polar coded multi-packet HARQ scheme in detail. Section IV investigates optimization of proposed scheme. Simulation results of our novel scheme and comparison with other classical HARQ schemes are showed in Section V. Finally, Section VI concludes this paper.
II. POLAR CODES AND EXISTING HARQ SCHEMES A. POLAR CODES
Based on channel polarization theory, N = 2 n , n = 1, 2, . . . polarized sub-channels W (i) N (i = 1, 2, . . . , N ) can be obtained by recursive channel combining and splitting operation on N independent DMCs. Then the most reliable K sub-channels will be selected by a Density Evolution algorithm [6] or Gaussian Approximation (GA) [7] to transmit information bits and the remaining sub-channels will be utilized to transmit frozen bits, where K is the number of information bits and coding rate is R = K /N .
Assume that the vector u = (u 1 , u 1 , . . . , u N ) is the source block including the K -bit information part u A ⊂ u and remaining frozen part u A c ⊂ u, where A and A c denote the index set of information bits and frozen bits respectively. Each element u i of u is transmitted in its corresponding subchannel W (i) N . The polar codeword x determined by parameter (N , K , A) is derived by
where G N is the generation matrix of N -dimension, F 2 ⊗n denotes the n-th Kronecker power of F 2 = 1 0 1 1 , and B N is the N × N bit-reversal permutation matrix. Successive cancellation (SC) decoding algorithm was applied in the decoding of polar codes by Arikan [1] . In this algorithm, the SC decoder is visualized as including N decision elements (DEs). Each DE is for its corresponding source element u i , implemented in the order of 1 to N . If i ∈ A c , the estimated result of i-th DE is setû i = u i , then this result is transmitted to all succeeding DEs. If i ∈ A, the i-th DE is not activated until it has received the previous detected estimateŝ u i−1 1 . Based on the observation y N 1 of codeword, the decision of DE follows that
which is sent to all succeeding DEs. Accordingly, the log likelihood ratio L
where W Although the performance under SC decoding can approach Shannon capacity [1] , SC performs not so well when the length of polar codes is finite. Then enhanced SC decoders such as SC-List (SCL) decoding [8] and cyclic redundancy check (CRC)-aided SCL [9] were explored, which appear to obtain significant performance gain over SC decoder.
B. HARQ TRANSMISSION OF POLAR CODES
Hybrid automatic repeat request is an effective way to improve the throughput of communication systems and achieve rate-compatibility. In an HARQ system, if the encoded packet is failed to be decoded, a signal of NACK (negative acknowledgement) would be returned to the transmitter by a feedback link and the transmitter is requested to retransmit some relevant code bits to assist the re-decoding. This process will not terminate until an ACK (acknowledgement) is received by the transmitter or the maximum transmission number T is reached.
Conventional HARQ efficiently improves the reliability of the transmission for a given and finite rate R. However, a challenging problem is that the achievable throughput is in the vicinity of R. There exists an obvious throughput degradation compared to the ergodic capacity, but the conventional HARQ fails to provide any increase in term of throughput. CC-HARQ [2] , [3] and IR-HARQ [4] , [5] of polar codes both use puncturing to get a high coding rate in the first transmission, in order to improve throughput and achieve ratecompatibility under different signal-to-noise ratios (SNRs) of channel. To approach the capacity, these schemes, particularly IR-HARQ, usually assume a very high coding rate per round, and a large number of transmission rounds.
In addition, a drawback of these existing polar coded HARQ schemes is that successive redundancy packets are usually relative to a single data packet. Joint coding of multiple packets for HARQ of other codes, such as Turbo codes, has been proposed before, which is able to increase transmission reliability [10] , and be proved to promote the throughput of communication system as well [11] , [12] . In [13] , an HARQ scheme of polar codes is proposed to obtain high throughput with the assistance of a pipeline structure and a FIFO control queue, where the pipeline level L, i.e., the length of control queue, may actually be seen as the number of joint-coding packets.
III. PROPOSED MULTI-PACKET HARQ SCHEME OF POLAR CODES
In this work, we follow a different path for polar coded HARQ transmission by combining multiple packets of transmission rounds. Specifically, we propose multi-level joint coding for polar codes, where part of message bits in previous packet that was decoded incorrectly and the new message packet are jointly encoded in the retransmission round. Then the receiver employs backtrack-freezing decoding to extract information. Some assumption is made in our work. The error-detection coding is well implemented, so that no decoding error is missed. The rate loss due to error-detecting code bits is neglected. Additionally, the feedback link is considered to be error-free. We first provide an example to illustrate in detail and then summarize the general case.
A. AN EXAMPLE OF THREE-LEVEL MP-HARQ
In the following, we denote the maximum number of packets participating in joint coding of MP-HARQ to be level M . The polar coded MP-HARQ mechanism of level M = 3 is illustrated in Fig. 1 , which works as follows: In first transmission round, the packet m 1 including K information bits is encoded by polar encoder, x [1] 
The coding rate is R = K /N c , where N c is the length of codeword x [1] . If packet m 1 is decoded correctly, a new transmission round will start. If this decoding fails, i.e., error event ER 1 = m 1 = m 1 is detected, the second transmission round is performed as follows:
where the message m [2] to be polar-encoded is composed of a new packet m 2 and m † 1 . As showed in Fig. 1 , m † 1 is obtained with the operation γ 1 by choosing γ 1 N c bits of m 1 in the least reliable sub-channels, and γ 1 denotes the redundancy rate of codeword x [2] . Note that when performing polar-encoding, in our scheme, we assign the retransmitted information bits of m † 1 to the more reliable γ 1 N c sub-channels. Then the bits of new packet m 2 are assigned to the most reliable remaining sub-channels.
At the receiver, we first decode the m [2] according to the received signal block y [2] , to obtain the estimation of packet m [2] ,m [2] = DEC[y [2] ].
If m [2] is received successfully, i.e., m [2] = m [2] , we then
Therefore the decoder uses these γ 1 N c bits of m 1 as frozen bits to decode the remaining (R − γ 1 ) N c information bits of m 1 (see Fig. 1 ). According to the received y [1] in the first transmission round,
m r 1 denotes the estimation of the remaining part m r 1 of m 1 . We call this decoding process backtrack-freezing decoding (BF-D). However, if m [2] = m [2] , the third transmission round is performed by
If the receiver detects errors when decoding the received block y [3] , event ER 3 = m [3] = m [3] occurs, then a new HARQ round will start. If not, the decoder continues BF-D based on the received block y [2] andm † 2 .
B. GENERAL CASE OF MP-HARQ
For the general case of MP-HARQ, multi-level encoding (M ≥ 2) can be generalized as follows:
where m 1 = m [1] , γ k denotes a compressing operation with a redundancy rate γ k to generate γ k N c retransmitted information bits, k = 1, . . . , M − 1. These retransmitted bits of m † k−1 were previously in the least reliable sub-channels in (k − 1)-th transmission round. Note that γ k may achieve adaption of rate by adjusting γ k . Operation combines m † k−1 and a new packet m k into one message packet to be transmitted in the next round, where m † k−1 is assigned into γ k−1 N c more reliable sub-channels.
As for decoding of MP-HARQ, we need to recover message packets m 1 , . . . , m k from all the observations y [1] , . . . , y [k] . Joint decoding should be considered due to the concatenation of multiple decoders. There may be a variety of options for joint decoding, such as [10] and [14] . However, from the point of view of simple implementation, the receiver employs straightforward BF-D in our scheme, described as follows:
1) In the k-th round, the receiver firstly tries to decode the received observations:
If the decoding succeeds, we get m 
IV. OPTIMIZATION OF PROPOSED SCHEME
In this section, firstly, we calculate and analyze the throughput of polar coded MP-HARQ, and then optimize the parameters of scheme to maximize the throughput.
A. THROUGHPUT OF MP-HARQ
To evaluate the throughput we may use the well-known renewal-reward theorem in [16] , 2) Decoding succeeds in round 2 but BF-D fails:
3) Decoding succeeds in round 2 and BF-D succeeds:
Since in the k-th transmission round, the packet error rate (PER) at a given SNR k = snr has
PER(R; snr) = Pr{ER
then according to (18) , we can reformulate it as
As for E K [2] of two-level MP-HARQ, it is easily given by
For the general case, the calculation of average reward can be expressed as
It is obviously seen that Eq. (23) comprises a nested structure.
In terms of the expectation of number of transmission rounds
(24)
B. MAXIMIZE THROUGHPUT WITH OPTIMAL PARAMETERS
According to Eq. (17) (23) (24), the throughput of polar coded MP-HARQ heavily depends on PER(R; SNR k ) and PER(R, γ k ; SNR k ). Namely parameters R, γ k (γ k = {γ 1 , γ 2 , . . . , γ k }) and channel condition SNR k will affect the value of throughput. For simplifying analysis, in our scheme, we assume that SNRs of various transmission rounds related to the same packet are constant, SNR 1 = SNR 2 = · · · SNR k . If SNRs and N c are given, only parameter set [K , γ k ] is to be determined. Next, we are always interested in searching for the maximum throughput η opt of η(K , γ k ) by optimizing the parameter configuration.
To evaluate throughput, we may need to obtain the analyzed P ER(R; SNR k ) and P ER(R, γ k ; SNR k ) firstly. According to [1] , when an SC decoder is used at the receiver in binary-input additive white Gaussian noise (BI-AWGN) channels, estimated P ER(R; SNR k ) can be approximated by
where the error probability
N is to measure its reliability. From [7] , the reliability of subchannel can be evaluated by GA. P ε (W (i) N ) is estimated with reasonable accuracy by density evolution and approximating the outputs with Gaussian random variables at each step of SC decoding. VOLUME 6, 2018 As for analysis of PER(R, γ k ; SNR k ), derived by Eq. (20),
Due to backward error implication [17] , if the BF-D fails, it can be inferred that the original transmission must have failed as well, then we can give that
Note that since the effective rate of information bits decreases in the BF-D, we have
Consequently Eq. (26) is reformulated as
Obviously the corresponding P ER(R, γ k ; SNR k ) could thus be evaluated by GA. Motivated by above observations, the evaluated throughput η could be obtained via Eq. (17) (23) (24) and Eq. (25) (29). For given SNRs and N c , the optimal [K , γ k ] solves the following problem:
In the searching process, thanks to the nested structure of E [R] in Eq. (23), we may search efficiently for [K opt , γ k opt ] by utilizing dynamic programming (DP) algorithm as adopted by [15] to generate optimal parameter configuration. Each element of [K , γ k ] works as the action for multi-level states and is optimized recursively. Then as a result, the optimal throughput of polar coded MP-HARQ is achieved by
In practice, if the receiver works under a low SNR, or fails to recover message in one round, it usually would like to transmit message using a lower coding rate in next retransmission round. Thus, we may even adjust the coding rates of k transmission rounds by a descending information-length set [K opt , K opt − , . . . , K opt −(k −1) ], where = K opt /Q, and the number of available rates Q could be set properly.
In this scheme, in fact, we encode various packets into a single channel block and adjust the coding rate and redundancy rate so that the maximum throughput is attained under different given SNRs. Meanwhile, we achieve the ratecompatibility by searching for the optimal K and γ k without puncturing operation of RCPP IR-HARQ or CC-HARQ.
V. SIMULATION RESULTS AND ANALYSIS
This section provides simulation results and some analyses of the proposed MP-HARQ, compared with some other HARQ schemes.
In Fig. 2 , we compare the throughput results of proposed MP-HARQ scheme with the pipeline-HARQ scheme given Fig. 2 , respectively. Firstly, we can see that the throughput of twolevel MP-HARQ (M = 2) can approach that of the pipeline-HARQ of L = 3. In addition, an MP-HARQ of M = 3 could also work as well as a pipeline-HARQ of L = 5, which means that the memory MP-HARQ requires will be less than the pipeline-HARQ strategy under the condition of identical throughput results. Therefore, the proposed MP-HARQ scheme may be seen as a mean to increase the throughput or as a method to diminish the memory requirements. On the other hand, note that the throughput gain of MP-HARQ could be obtained by increasing level M , but the memory requirements and complexity of joint coding will increase correspondingly.
To show the throughput performance of proposed MP-HARQ, the corresponding throughput results of MP-HARQ and other existing HARQ schemes over AWGN channel are presented in Fig. 3 for comparison. We obtain the throughput of three-level MP-HARQ with N c = 2048, by searching for the optimal K and γ k for each SNR. The searched results are provided in Table I . For a fair comparison, with respect to the RCPP codes in IR-HARQ and CC-HARQ, we set the information block length is K = 1024, and the mother code length is N = 2048. As for Turbo codes and low density parity check (LDPC) codes in IR-HARQ schemes [18] , [19] , the information block length is also K = 1024. The maximum number of transmissions in these HARQ schemes is set T = 6. Additionally, the capacity bound for AWGN channel is also depicted in Fig. 3 for comparison.
From Fig. 3 , it is seen obviously that MP-HARQ of three-level obtains a significant increase over the existing RCPP CC-HARQ. Since parameters [K , γ k ] of MP-HARQ can be adjusted adaptively, it even outperforms the polar coded CC-HARQ scheme using a powerful SCL (List=32) decoder particularly at high SNR regions. Compared with IR-HARQ schemes, three-level MP-HARQ can work better than IR-HARQ schemes using rate-compatible punctured Turbo (RCPT) codes [18] (SNR>2 dB) and rate-compatible LDPC [19] (SNR>3 dB), and notably achieve the similar throughput with RCPP IR-HARQ. However, when considering the complexity of HARQ, note that polar coded MP-HARQ may have a simple HARQ control of low complexity in contrast to RCPP IR-HARQ, and not utilize puncturing operation to construct RCPP codes. Since we use DP algorithm in the optimization process of parameters [K , γ k ], the problem of multi-dimensional global optimization is solved by a series of uni-dimensional optimizations. Thus the total computational complexity increases with M linearly. It is much lower than (N log 2 N + K ) N E of generic RCPP IR-HARQ [5] for choosing redundancy bits at retransmission rounds, which grows exponentially with number of the extending bits N E . In order to display the advantages of the proposed MP-HARQ, we further provide the average transmission number Tr of the CC-HARQ, IR-HARQ and MP-HARQ of polar codes in Table II . Since the entire initial packet is directly retransmitted in CC-HARQ instead of incremental redundancy bits, it is more likely to recover message reliably at the retransmission rounds, which results in an advantage of smaller Tr. However, as showed above, simple CC-HARQ obtains disappointing throughput. As for RCPP IR-HARQ and MP-HARQ, they have the similar performance in term of throughput, but we can see that MP-HARQ uses less transmissions. The transmission number indicates the transmission latency of an ARQ communication system. Supposing that the decoding latency l dec is negligible compared to transmission latency l tr (l dec l tr ), smaller transmission number of MP-HARQ will dominate for decreasing latency of HARQ transmission.
Moreover, we separately simulate the throughput of these three types of HARQ schemes of polar codes assuming a Rayleigh fast fading channel. During the whole transmission, we suppose that the variance of Gaussian noise is constant and known to both the transmitter and receiver, but the instant values of fading factor are only available at the receiver. The results is depicted in Fig. 4 . Note that the MP-HARQ (M=3) could work as well as the RCPP IR-HARQ scheme, and still obtain an obvious gain of throughput compared to RCPP CC-HARQ scheme. In addition, if the level of MP-HARQ is increased, the throughput performance will be improved, higher than RCPP IR-HARQ.
VI. CONCLUSION
In this work, aiming to increase throughput of polar coded HARQ transmission, we have introduced a novel HARQ strategy by multi-level coding of packets of different transmission rounds and implementing backtrack freezing decoding to receive message. Parameter optimization of MP-HARQ scheme achieves maximum throughput and rateadaptation. As the results indicate, compared with existing polar coded HARQ schemes, MP-HARQ could obtain throughput gain over both AWGN channel and Rayleigh fading channel, with low-complexity HARQ control and small transmission number. It can serve as a considerable HARQ transmission mechanism for polar codes in future communication systems like 5G. However, for an MP-HARQ of high level, the cost for throughput improvement will be paid by more complex joint coding and decoding. The practical aspects have yet to be further enhanced in our next work.
